With the features provided by wireless mesh networks (WMN) and the increasing number of users, the Quality of Service (QoS) has become essential to support multimedia applications. In addition, employing the multichannel approach has led to the improvement of the network performance. However, selecting a path with the maximum available bandwidth to transmit data from the source to the destination is a critical issue because of intraflow interference and inter-flow interference. In this paper, we propose a routing metric Delay and Interference Aware Metric (DIAM), which selects a path with high data rate and low signal interference to achieve high performance. The DIAM metric estimates the intra-flow interference, inter-flow interference and delay of a link for multi-channel WMNs. We have implemented DIAM in the AODV routing protocol using the Network Simulator (NS2). The performance of our metric is measured by conducting simulation experiments in static and mobile networks.
Introduction
I N recent years, wireless mesh networks (WMNs) have gained popularity, especially in the local community due to features such as self-configuration, easy access to the network, and low cost. In addition, the nodes in WMNs can act as a router or a client or both and can communicate via radio. The IEEE 802.11 is one of the wireless communication technologies that is commonly used in wireless broadband services and is known as Wi-Fi. This popularity comes with easy deployment and cheap equipment.
Network performance is affected by radio communication as signals interfere with each other. This interference leads to collisions, and then the packets will be dropped. This issue can be addressed by a multi-channel approach [7] , which results in the interference reduction, that will further improve the network capacity. In multi-channel networks, a node can be equipped with one or more radios operating in a different channel. This gives nodes an opportunity to transmit data simultaneously through each radio.
The performance optimization in multi-hop networks is a challenge and has led to a lot of research. There is some research that focuses on the capacity maximization of multi-hop wireless networks. One way to improve network capacity is to select a path that has high data rate and low signal interference. The principle for selecting a path depends on mathematical calculation that gives the path a real number, based on the designed routing metric. Designing a routing metric that estimates the link quality in a multi-channel network is more challenging compared to a single channel network.
In this paper, we propose a routing metric called Delay and Interference Aware Metric (DIAM) that considers the queuing delay and both interference types (inter-flow and intra-flow). We measured our routing metric performance by conducting simulation experiments and compared it with well known metrics in multi-channel wireless mesh networks. The paper is organized as follows: section 2 presents the previous work; in section 3 we explain our metric (DIAM), and the performance evaluation of DIAM is provided in section 4. Section 5 gives our conclusion.
Related Work
There are several routing metrics which have been proposed for WMNs. In this section, we discuss some routing metrics that measure the quality of link and path. The most common routing metric in single channel is the Expected Transmission Count (ETX) [1] . The ETX is defined as a measurement of the expected number of transmissions and retransmissions that are required to transmit a packet over a link i. The ETX captures the effect of the packet loss ratio. However, one of the significant drawbacks of the ETX metric is that it does not consider the differences of transmission rate between links [2] . Nevertheless, Draves et al. [2] have proposed a routing metric that considered the issue of different link rate. This metric is called the Expected Transmission Time (ETT) [2] .
In relation to multi-channel wireless networks, there are some metrics that have been proposed such as Weighted Cumulative ETT (WCETT) [2] . The limitation of WCETT is that it assumes all links on a path operating on the same channel interfere with each other, even if they are out of their interference range. The metric of interference and channel switching (MIC) estimates the intra-flow interference and inter-flow interference by measuring the number of interference nodes instead of the interference amount [4] . In addition, Multi Radio Achievable Bandwidth (MRAB) metric measures the effect of intra-flow and inter-flow interference on path capacity [4] by using the physical interference model. Then, MRAB metric extended to Weighted End-to-End Delay (WEED) [5] by combining it with EED metric. In addition, Li et al. [4] tried to address the delay along a path by calculating the back-off time in the End-to-End Delay (EED) metric. According to Draves et al. [2] , they attempted to examine the impact of back-off time in the ETT in tested experiments and their conclusion was that the ETT metric has better throughput without the back-off time. Thus, taking the back-off time into account will more likely lead to a complex calculation and may not improve the network performance.
Proposed Metric
In this work we propose a routing metric that captures the transmission delay, interflow interference and intra-flow interference. First we have improved the Expected transmission time (ETT) by considering packet queueing delay in order to select a lightly loaded path. If there are P packets queuing in the link i and we add the newly arriving packet, the Expected Transmission Time with Queue (ETTQ) is: We have improved the ETTQ by taking the interference into account. We combined it with the Multi-radio Achievable Bandwidth MRAB [5] . DIAM is the accumulation of the expected transmission time with queue in a path with k hops divided by Multi Radio Achievable Bandwidth (for more details see [5] ) (2) which leads to select a path with high data rate and low level of interference.
Performance Evaluation
We have measured the performance of the DIAM in static and mobile wireless networks in the NS2 simulator. We have also extended the basic Ad-hoc On-demand Distance Vector (AODV) routing protocol. Then, the evaluation of our proposed metric ETTQ has been measured in a single-channel grid network. In addition, the performance of DIAM metric has been examined in a multi-channel random networks in both scenarios static and mobile. Table 1 displays our simulation parameters.
Static Wireless Mesh Network
We have a static wireless mesh network and IEEE 802.11 radios that have been used for simulation; every node has been equipped with two radio interfaces and two channels. We have applied routing metrics in the AODV protocol. The simulation results has been repeated 15 times and the average of the results is shown in the figures. We have compared the results with the ETX [1] , ETT [2] and EDD [4] in the single channel scenario. In multi-channel wireless mesh network, DIAM have been compared with the WCETT [2] and WEED [5] . We have the following two scenarios: 1) Scenario A: 5 * 5 grid network in a single channel with two flows; one of them has 2 Mbps data rate. 2) Scenario B: 40 nodes in a random network as shown in figure 1 with 4 flows. The total throughput of all metrics has increased with an increase in the data flow rate as shown in figure 2 . Also, figure 2 shows that the total throughput of our metric has better performance compared to the ETT, ETX and EED. This is because the ETTQ metric selects the link efficiently by considering the queuing delay. Figure 3 illustrates the comparison of packet delivery ratio with respect to flow data rate. The ETTQ has outperformed the others in terms of packet delivery ratio. If we select a light loaded path from the source to the destination then less packet will be lost.
With respect to the multi channel scenario, the DIAM has better throughput on most data flow rates than the WCETT and WEED as shown in figure 4 ; this is due to the fact that the DIAM chooses the path efficiently by using the delay and interference parameters. In addition, at 2 Mbps flow rate there is an observed decrease of the WCETT and WEED.
Mobile Wireless Mesh Networks
In this section, we have considered a mobile wireless multi-channel mesh network by studying the performance of our metric (DIAM) in Ad-hoc On-demand Distance Vector (AODV) routing protocol, which is one of reactive routing protocols. The results will be compared with the Destination Sequenced Distance Vector (DSDV) protocol, which is one of proactive protocols. We will firstly introduce a brief description of the routing protocol behaviour in the AODV and DSDV then will provide the simulation results.
Ad-hoc On-demand Distance Vector (AODV).
One of the most common reactive protocols is the AODV [6] , which is a combination of on-demand and distance vectors. In simple terms, when a node (source) prepares to send a message to another node (destination), it initiates a route discovery (ROUTE REQUEST), which is forwarded via intermediate nodes. When the REQUEST reaches the destination, it creates a REPLY route that will be forwarded by intermediate nodes. The intermediate nodes will create a forward route to the destination. This process is called the hop-to-hop routing method.
Destination Sequenced Distance Vector (DSDV). The Destination Sequenced
Distance Vector (DSDV) [3] is one of the proactive routing protocols. Each node in this network has a routing table, which has a list of all destinations and the next hop. This routing table is periodically transmitted to all neighbour nodes.
Varying the Flow Data Rate.
In the simulation scenario, we have 40 nodes set in a random wireless network; 5 of them are mobile nodes with speed of 5 m/s and the rest of the nodes are static and has 4 CBR flows traffic. Every node has been equipped with two radio interfaces and two channels. The simulation was repeated 15 times and then the average was taken. We compared the performance of the AODV protocol and DIAM metric with the DSDV protocol. Throughput, routing overhead, and packet delivery ratio are measured.
We have expected the DSDV routing protocol to have a good throughput. This is because the proactive protocol has less control message than the reactive routing protocol such as the AODV, as shown in figure 8 . Thus, the routing overhead will consume less link capacity. However, we observe that with increasing the data flow rate, the performance of the AODV with DIAM metric has a better throughput than the DSDV protocol in mobile wireless mesh network, as figure 6 shows. Hence, consuming some of the link capacity for route calculation, rather than reducing the control message, leads to a more reliable route. In addition, the significant reason for the low throughput with the DSDV protocol is that with mobile nodes, the link is broken and the routing table does not update and as a result many packets are dropped. Moreover, figure 7 shows the measurement of the packet delivery ratio with a heavy flow data rate. We have noticed that the performance of both protocols decreases, because if the link becomes more congested, it will lead to more packets being dropped. 
Varying the Number of Mobile
Nodes. In this section, we studied the effects of varying the number of mobile nodes in the wireless mesh network. Generally, we have found that the performance of the AODV is better than the DSDV. With low mobility scenario, both protocols, due to broken links, show a slight decrease. After 10 mobile nodes, both protocols have shown a dramatic throughput reduction; this is because of the increase of broken links. Interestingly, figure 9 illustrates that the performance of the DSDV protocol continues to decrease while the AODV is more likely to become steady. Figure 10 shows the packet delivery ratio with an increasing number of mobile nodes, leading to an increase in the broken links which decreased the packets delivery ratio. However, the network routing overhead is not affected by increasing the number of mobile nodes as shown in figure 11.
Conclusion
In this paper we have designed a routing metric, which aims to select a path with high data rate and low (inter and intra) flow interference. Moreover, we have two contributions: firstly, we have proposed the ETTQ metric in the single channel by taking the queuing delay into account. Secondly, we have designed the DIAM by considering the multi channel network and the interference with the ETTQ metric. We have implemented these metrics in the AODV routing protocol using the NS2 simulator. The performance was analyzed in static and dynamic scenarios. The results point out that our metric (DIAM) has shown a good performance in both static and mobile multi-channel wireless mesh network. In the future we plan to consider load balancing which can provide the fairness of using network resources to improve the network performance.
